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     Abstract—In this paper a grid-tied residential smart micro-
grid topology is proposed which integrates energies of a PV, a 
fuel cell and a battery bank to supply the local loads through a 
combination of electric and magnetic buses. In contrast to 
multiple-converter based micro-grids with a common electric 
bus, using a multi-port converter with a common magnetic bus 
can effectively reduce the number of voltage conversion stages, 
size and cost of the renewable energy system and isolates the 
conversion ports. The resultant topology utilizes a centralized 
system level control which leads to the faster and more flexible 
energy management. The proposed micro-grid is able to 
operate in multiple grid-connected and off-grid operation 
modes. A fuzzy controlled energy management unit (EMU) is 
designed to select the appropriate operation mode considering 
both real-time and long-term-predicted data of the energy 
generation and consumption. A mode transition process is 
designed to smooth the mode variation by using a state 
transition diagram and bridging modes. To improve the micro-
grid operation performance, appropriate control techniques 
such as synchronized bus-voltage balance are used. A 
prototype of the proposed micro-grid and the EMU are 
developed and experimentally tested for three different energy 
management scenarios. Energy distribution and energy cost 
analysis are performed for each scenario to validate the 
proposed control method.  
 
   Index Terms—Energy management, fuzzy logic control, 





VER the last decade, there has been a great interest in 
renewable energy sources as a feasible solution to 
mitigate environmental issues and reduce the dependence on 
the traditional sources for electricity generation. The need 
for technology for integrating these non-traditional types of 
energy sources into the existing grid has motivated the 
development of the new smart micro-grid concept. The 
smart micro-grid is recognized as a feasible solution to the 
new challenges of existing grid network such as increasing 
energy demand and penetration of renewable energy sources 
at the consumer end [1]-[3]. On the other hand, the 
electricity market share in the residential sector has 
increased substantially with an average annual growth rate 
of 9.4% from 1960 to 1973 and a slower rate of 2.7%  
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from 1973 to 2010 [4].  Therefore, design and development 
of residential based renewable energy systems have attracted 
great interest over the past decades. In Australia, solar PV 
systems continue to be very popular in the residential sector 
and about 1.5 million Australian homes are now using solar 
panels [5]. The proportion of solar energy users is about 18 
% and in some urban areas reaches over 50 % [6].  
      In the residential micro-grids, energy control boxes have 
been traditionally used to control the energy consumption 
inside the households by automatic control of some shiftable 
loads [7]. This enables the residential consumers to adapt 
their energy consumption to the time-pricing and new 
services of the main grid [8]. On the other hand, using 
energy control boxes has improved the power efficiency and 
quality in the main grid by shifting loads to the off-peak 
hours [8], [9]. Recent energy management systems are 
designed to match the generated energy of renewables inside 
the micro-grid with the load demand in an optimal way with 
minimum customer intervention [10], [11]. They can control 
the household smart appliances through a local network 
[12], [13] and communicate with the regional smart grid 
control centre by using a higher level communication 
networks (cellular networks and 4G technologies such as 
WiMAX) to adapt their operation with the requirements 
[14],[15]. Different methods of optimal energy management 
and control in residential renewable energy systems have 
been described in the literature [16]-[18]. The energy 
management objectives have been selected as minimizing 
the micro-grid operation cost [19], [20], maximizing the 
revenue due to the electricity market price [21], minimizing 
micro-grid operation effect on the main grid [22], improving 
power quality [23], safety and reliability [24]. In this regard, 
a wide range of research on energy management systems 
considering different methods, micro-grid structures, 
scenarios and objectives have been conducted [25],[26]. 
Fuzzy controllers have been successfully used as 
supervisory control and energy management unit (EMU) in 
various hybrid renewable energy systems [27]-[32]. In 
particular, they have been used as load frequency controller 
in microgrids [27], supervisory control in electric vehicles 
for energy management [28],[29], and power split [31]. 
Nevertheless, their application as household energy 
management system is not widely studied. In [32] a multi-
agent fuzzy logic based energy management is introduced to 
manage the energy in a stand-alone renewable energy 
system. In [30] a fuzzy based EMU is used in a residential 
micro-grid to minimize the grid power fluctuations taking 
into account the battery state of charge (SOC).  
From the topological point of view, the majority of 
proposed residential micro-grid topologies utilize multiple 
conversion units and common dc or ac electrical bus [30], 
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[33]. In contrast, using a magnetic bus in small-scale 
applications such as residential micro-girds presents 
considerable advantages [34]-[36]. It can reduce the number 
of voltage conversion blocks and system size and the control 
complexity by using a centralised controller, eliminate the 
voltage and frequency instability problems, and provide 
isolation between the micro-grid elements [37]-[39]. 
In this paper, a residential smart micro-grid topology is 
introduced based on a common magnetic bus. The resultant 
flexibility in power flow direction and control of the 
proposed micro-grid leads to a large number of operation 
modes (16 grid-connected and 8 off-grid operation modes) 
and more efficient energy management.  A fuzzy logic 
based EMU is designed to define the appropriate operation 
mode of the micro-grid due to its simplicity and 
independence to the intrinsic nonlinearities of the micro-grid 
components.  
In contrast to the deterministic rule-based energy 
management systems, the fuzzy controllers are simple, 
robust and independent of intrinsic nonlinearities of the 
micro-grid components [28], [30], [40]. They do not need 
complex mathematical modelling which normally used in 
classic controllers and help to build a comprehensive and 
intuitive energy management strategy based on the simple 
linguistic rules which can effectively simplify the energy 
management process in the case of a large number of system 
statuses and operation modes [41].  
   In the proposed micro-grid system, the reference 
signals of the converter controllers and the system’s 
operation mode need to be adjusted continuously according 
to the real-time variations of the input variables. Therefore, 
using rule-based control methods increases the complexity 
due to the large number of operation modes, large number of 
input variables and their non-linear nature. While, in the 
case of using fuzzy controllers, only the main rules and 
selected operation modes can be grasped which simplify the 
control process [42]. Furthermore, the common 
optimisation-based energy management methods using 
linear programming, dynamic programming and quadratic 
programming techniques result in extensive computational 
efforts and require relaxation techniques due to the presence 
of nonlinear and integer variables and large number of 
operation modes. 
The main contributions of this paper can be summarised 
as: 
Besides introducing an interesting topology of residential 
micro-grid based on a common magnetic bus, several 
control techniques are employed to improve the micro-grid 
performance according to the required standards for grid-
connected residential renewable energy systems 
(AS/NZS4777, IEEE1547 and IEC61727) [43],[44]  
including:  
- An interleaved topology is introduced in the PV port, 
which can reduce the high-frequency current ripple and 
result in a more stable MPPT process, smaller filter 
components and wider input voltage range; 
- A synchronized dc bus voltage balance (SBVB) technique 
is proposed for the TAB converter ports to reduce the 
root-mean-square (RMS) and peak currents in the 
windings of the magnetic link and also increase the soft 
switching operation range. It can increase the entire 
micro-grid efficiency as validated by experimental tests; 
- A feed-forward compensation block is introduced in the 
inverter control loop to reduce the low frequency (2ω) 
ripple propagated from the inverter output on high voltage 
dc bus and further on fuel cell and PV buses, which can 
improve the MPPT performance. 
In the system level control, the proposed micro-grid is 
able to operate in a large number of different grid-connected 
and islanded modes (20 different modes in total) compared 
to the systems previously reported in the literature. Three 
different energy management scenarios are studied in detail, 
and the energy distribution and energy cost analysis are 
provided for each scenario.  
- A novel fuzzy logic-based energy management including 
the short-term and long-term controllers is proposed for 
the micro-grid. Therefore, both the real-time condition 
and long-term predictions of energy generation and 
consumption have been taken into account.  
- Hysteresis based membership functions for the output 
variables of the fuzzy controller are introduced to reduce 
the undesirable oscillations between the operation modes. 
- A novel mode transition strategy is designed to smooth 
the mode transition by defining the bridging modes, mode 
transition flowchart and a state transition diagram (STD).   
This paper mainly focused on the micro-grid system-
level control and energy management although a brief 
review of the device-level control system is provided in the 
next section. 
 
II. STRUCTURE OF THE PROPOSED MICRO-GRID AND 
CONTROL TECHNIQUES 
 
The electrical schematic of the proposed micro-grid and 
controllers are presented in Fig.1. The value of micro-grid 
components and parameters are presented in Table.III, 
Appendix. As can be seen, the micro-grid includes three H-
bridge ports (ports one, two and three) connected to a multi-
winding transformer to form a triple active bridge (TAB) dc-
dc converter. The multi-winding transformer provides a 
high-frequency magnetic bus for distribution of power 
among the ports in the form of magnetic flux. The dc bus 
voltages Vb1, Vb2 and Vb3 are converted to high-frequency ac 
square waves by using H-bridge converters of port one, two 
and three respectively. The dc high voltage on port one, Vb1 
(280-320 V) is converted to a low frequency (50 Hz) ac 
voltage by using a single phase bidirectional inverter. The 
inverter can be used reversely as a rectifier to supply the 
grid energy into the high voltage dc bus and is further used 
to charge the battery by activating ports two and four 
simultaneously. The fuel cell stack is connected to the port 
two via a low voltage bus (50-70 V).  A bi-directional buck-
boost converter presented as port four links the battery to the 
dc bus. It operates in buck mode to charge the 24 V battery 
bank and in boost mode to discharge the battery into the bus. 
The PV power is transferred to the capacitor C3 by using 
interleaved boost converter and further to the magnetic bus 
by using shared switching devices S31-S34 in port three. An 
electrolyzer is assumed to be used as a local load to generate 
the required hydrogen for the fuel cell. As illustrated in 
Fig.1, the proposed micro-grid is controlled in device level 
by two digital signal processors (DSPs) including DSP1 for 
dc-dc converters and DSP2 for the single-phase inverter. On 
the other hand, a personal computer (PC) is used as system 
level controller and performs the operation mode control  
 
  
Fig.1. Structure of the proposed micro-grid including device level controllers and energy management unit 
 
and energy management. The proposed micro-grid can 
operate in several modes according to the power flow 
direction and active sources and loads. The operation mode 
control signals (MD1 and MD2) are generated by mode 
selection and transition unit and sent to the PWM generators 
in DSP1 and DSP2.   The direction and amount of power 
flow in the magnetic bus are controlled by introducing phase 
shift angles φ21 and φ31 between ports two and three to port 
one respectively. As can be seen in Fig.1, the phase shift φ21 
is used to control the power flow from port two to one (P21) 
according to the reference signal provided by EMU and φ31 
is used to control the power transferred from port three (PV 
port) to port one by regulating bus voltage,Vb3. The power 
flow and voltage regulation control systems and the 
magnitude and phase bode diagrams are presented in Fig.2. 
As can be seen, the phase shift angles φ31 and φ21 are 
controlled by single loop proportional-integral (PI) 
controllers. To decouple the power flow control and voltage 
regulation loops, the compensators are designed to provide a 
slower dynamic response for power flow control loop 
compared with that of voltage regulation.   
        In the battery port, the bidirectional buck-boost 
converter is controlled by conventional dual loop controller 
as presented in Fig.3. The outer voltage control loop 
generates a reference signal for the inner current control 
loop which presents higher dynamic response. The 
generated reference signal depends on the battery 
application as energy storage or as a bus-voltage regulator. 
In the first case, the reference signal ( 
2bV ) is following Vb1 
variations due to the SBVB technique requirement to 
guarantee zero voltage switching (ZVS) operation of the 
converter ports by applying equal volt-second on all 
windings of the magnetic link. In the second case, the 
reference voltage ( 
2bV ) is generated similarly although, a 
5% hysteresis band with maximum and minimum bus 
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Fig.2. (a) Block diagram of TAB converter control system and, (b) 






Fig.3. The control diagram of the bidirectional buck-boost converter 
 
    In the PV port C3 is used as an energy buffer between the 
interleaved boost converter and H-bridge dc-ac converter. 
Therefore, the PV voltage control loop (for MPPT) by using 
duty ratio (d3), operates independently of the bus-voltage 
control by using phase shift angle (φ31). To maintain the 
MPPT, a dual loop proportional-integral-resonant (PIR) 
compensator is designed [45]. The closed-loop control 
system and the magnitude and phase bode diagrams are 
presented in Fig.4. The duty ratio of driving signal of S32 
and S34 (d3) is controlled to adjust the PV output voltage 
(VPV) on a reference signal ( 
PVV
) to maintain the MPPT. 
The reference signal is generated by EMU according to a 
variable step size incremental conductance (INC) method 
[46]. The resonant compensator is added to the current 
control loop to reduce the 2ω low-frequency ripple 
propagated from the high-voltage dc bus (Vb1) linked to the 
inverter [45]. The transfer functions of the PI controllers can 




   (1) 
where KP and KI are the proportional and integral 
coefficients respectively and are defined by using the 
required crossover frequency (ωc) and the phase margin (φm) 
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Fig.4. (a) The control diagram and (b) the bode diagram of the interleaved 
boost converter 
 



















Fig.5. The Nichols chart of phase and gain variation of the buck-boost bi-
directional and the interleaved boost converter voltage and current control 
loops.  
 
where )(180 cm jG  −+= , and )( cjG   is the open loop 
transfer function of the outer voltage or inner current control 
loops [47]-[49]. The Nichols chart presented in Fig.5 shows 
the voltage and current control open-loop transfer functions 
of the bidirectional buck-boost (Gv-BB, Gi-BB) and interleaved 
boost (Gv-PV, Gi-PV) converters. The crossing frequencies, 
phase margin and gain margins show the stability of 
designed controllers. The pole-zero locus of the transfer 
functions of the voltage control loop for the buck-boost and 
interleaved converters are presented in Fig.6. As can be 
seen, the system poles are varying in the left half plane of 
the real-imaginary map for entire variation range of the 
input voltage and load power. The load power variation 
represents the change in the duty cycle and minimum input 
voltage results in the maximum duty cycle. This confirms 
that the system is always stable in the designed operating 
range.   
       The state averaged equations and the resultant transfer 
functions and other control blocks of the dc-dc converters 
are presented in the Appendix. The dc voltage on port one 
(Vb1) is selected as a reference for other two ports and 
therefore should be kept constant in all operation modes on 
the reference value provided by EMU. It is regulated by 
bidirectional inverter using inverter/rectifier operation 
modes. As presented in Fig.7, a dual loop control system  
 















5 Pole-Zero Locus 
















































































Fig.6. Pole-zero locus of the transfer functions of voltage control loop, (a) 


















Fig.7. The control scheme of bi-directional single phase inverter 
 
with PI compensators in voltage and current control loops is 
designed for the bidirectional inverter. A direct-current 
control technique is applied to the bidirectional inverter to 
force the inverter current to follow the grid voltage [50]. 
This is due to the current standards of power factor 
requirement for grid-connected residential micro-grids [43]. 
A feed-forward compensation block (
11 bb VV
 ) applies a 
reverse fluctuating signal with the frequency (2ω) to the 
output current reference signal to cancel the low-frequency 
ripple propagated from inverter output on the high-voltage 
dc bus [50]. More details on the system waveforms, 
controller design and the micro-grid dynamic response will 
be provided in the future publications and this paper is 
mainly focused on the energy management technique.  
 
III. ENERGY MANAGEMENT UNIT 
 
Three levels of control with different time steps are 
designed for decision making and management of the 
proposed micro-grid. At the highest level, the regional 
distribution network control centre manages the total power 
flow and power quality of the distribution network and 
communicates with the EMU in each residential micro-grid. 
In system level, the EMU manages the energy inside the 
residential micro-grid and selects the operation modes. In 
the device level, DSPs (DSP1 and DSP2) control the power 
flow in the micro-grid by changing the phase shift angles 
and the duty ratio of the switching devices appropriately. 
As can be seen in Fig.1, the EMU includes five 
computational units. The outputs from voltage and current 
sensors of the ports are received and recorded in data 
acquisition and record unit. A communication unit is 
designed to connect the EMU to the smart-grid control 
centre through the internet. It receives the required 
commands for power transfer to/from the grid and 
metrological data for PV power generation forecasts. A pre-
processing unit performs all mathematical calculations and 
data processing including discretising forecasted energy 
profiles of the PV and load demand, estimation of the 
battery SOC and state of hydrogen (SOH). It also performs 
the MPPT for PV port and the resultant signal is sent to the 
reference signal generation unit. A fuzzy logic controller 
(FLC) block defines the appropriate operation mode of the 
micro-grid according to the long-term energy plans and real-
time value of micro-grid parameters. The output from FLC 
is sent to the mode selection and transition block. Finally, 
the reference signals for the control loops are generated by 
the reference signal generation unit according to the selected 
mode. The real-time data is received with the sampling time 
of Tn (ranges from milliseconds to seconds) and the long-
term predicted data is updated and sampled with the 
sampling time of Tk (ranges from seconds to minutes). More 
detail on each computational unit is provided in the next 
sections.  
 
A. Operation of Pre-processing Unit 
 
As can be seen in Fig.1, the pre-processing unit contains 
a long-term and a real-time data processor. In this research 
the PV power generation and load demand profiles are the 
main uncertain parameters. The PV generation is estimated 
based on the previously recorded data for the days under the 
same weather condition. The long-term data pre-processor 
discretises the predicted profiles of the PV energy and load 
demand to simplify the analysis of the predicted data and 
speed up the decision making process. The continuous 
forecasted profile of the PV power generation ( )(
~
24_ tP hPV ) 































24_ kP hPV  is the predicted 
power generated by PV at the k-th sample and t0 the 
prediction starting time.The predicted profile of the load 
demand, fuel cell and grid energy costs are discretised 
similarly for 24-hours-ahead. 
     In this paper, the predicted profile of the load demand is 
obtained from the average of load demand for the past 30 
days with similar conditions using recorded historical data 
as presented in Fig.8.(a). Comparison of the predicted 













































Fig.8.(a) Comparison of measured and estimated load power demand for 
24h-ahead, and (b) relative error between measured and estimated values 
error for a 24 hours duration time is less than 15 % as can be 
seen in Fig.8.(b). On the other hand, it is assumed that the 
energy-cost profile of the main grid is received by the EMU 
from the regional distribution network control centre and is 
updated regularly. The fuel cell cost is evaluated by the 
consumer and is entered into the EMU database when it is 
required. The fuel cell cost profile should be an almost 
constant value which is defined according to the fuel cell 
energy transform efficiency, running cost, and capital cost 
although it may occasionally need to be updated according 
to the change in the hydrogen cost. The discretised profiles 
are further sent to the FLC.  The real-time data pre-
processor performs the following functions using the real-
time value of the micro-grid parameters. 
-It estimates the values of SOC and SOH for each sampling 
time Tn . The battery SOC at n-th sample (SOC(n)) is 
defined from 








where CBT is the nominal capacity of the battery bank and 
IBT(n) the battery current at the n-th sampling time which 
can be positive during the charge and negative during the 
discharge process. On the other hand, SOH(n) is estimated 
by using signals received from the sensors installed in the 
hydrogen tank. 
-It calculates the real-time value of difference between PV 
power generation ( )(nPPV ) and the load demand ( )(nPLD ) 
and the difference between real-time values of fuel cell 
energy cost ( )(nCFC ) and grid energy cost ( )(nCGD ) for 
short-term fuzzy controller at the n-th sampling time from  
 
)()()( nCnCnC FCGD −=
)()()( nPnPnP PVLD −=    (5) 
 
 
-It calculates the real-time value of the PV, battery, load and 
fuel cell power using voltage and current samples. 
-It performs the MPPT process using real-time values of PV 
voltage based on variable step size incremental conductance 
(INC) method [42].  
 
IV. STRUCTURE OF FUZZY LOGIC CONTROLLER 
 
      As illustrated in Fig.9, the fuzzy logic energy 












Fig.9. Structure of the proposed fuzzy logic based energy 
 management 
 
a long-term controller. The computational unit calculates the 




~ ) and fuel cell (
LTFC
E _
~ ) during the next 
moving long-time frame. The estimation is based on the pre-
defined long-term energy plans. The resultant values are 
sent to the long-term fuzzy controller. The long-term fuzzy 
controller determines the required variation in the available 
capacity of storage devices (i.e. ∆SOC for battery and ∆SOH 
for hydrogen tank) to meet the long-term energy plans and 
send it to the short-term controller. Finally, the short-term 
fuzzy controller determines the next operation mode of the 
system based on the required changes in the available 
capacity of the battery (∆SOC) and fuel cell (∆SOH ), real-
time values of the power difference (ΔP(n)) and energy cost 
difference (ΔC(n)). The output of the short-term controller is 
the status of electrilyzer, battery, fuel cell and grid 
conversion ports. To define the output of the short-term and 
long-term fuzzy controllers, the max-min product inference 
and the centre of gravity defuzzification methods are 
selected [30]. The fuel cell and electrolyzer status is in the 
form of ON/OFF signal and for the battery is selected as 
charge only (CO), discharge only (DO) or charge and 
discharge (CD). In the case of energy transfer to/from the 
grid, a variable quantity in the range of negative large (NL), 
medium (MD) and positive large (PL) is selected.  
    The output signals from the fuzzy controller are sent to 
the mode selection and transition unit to extract the 
appropriate operation mode. More detail on each unit of the 
FLC block is provided in the following sections. 
 
A. Operation of Computational Unit  
 
      This section provides the details of the computational 
unit. As can be seen in Fig.8, the computational unit 
estimates the values of energies that need to be supplied or 
absorbed by battery, )(
~
_ kE LTBT




during the prediction moving time-frame TL. The 
length of the moving time-frame TL, ranges from tens of 
minutes to a few hours. The estimated values are updated at 
the beginning of each time-step Tk by moving the time-
frame TL one time-step ahead (considering that TL=mTk). 
The estimation is performed for each sampling time Tk 
according to the long-term energy plan rules. In this paper, 
the long-term energy plan rules can be briefly listed as: 
- In all operation modes, the PV is given priority as the 
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Fig.10. The membership function of the long-term fuzzy controller, (a) )(nSOC  (b), )(nSOH
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energy is preferred to be used to charge the battery (if 
required). The second option is the main grid which requires 
the acknowledgment of request by the regional distribution 
network control centre. The last option is supplying shiftable 
loads, water heating systems, and dump loads. 
- When the predicted PV power generation is less than the 
predicted load demand, the difference can be covered by the 
battery, fuel cell, and/or grid depending on the amount of 
required power taking into account the energy cost and 
availability and the maximum power of each energy source. 
According to the proposed management technique, the small 
values of the difference between the PV generation and load 
demand should be covered by the battery and/or grid 
depending on the availability and cost of energy. If the 
difference is more than the battery capacity and less than the 
fuel cell, it should be covered by the grid and/or fuel cell 
depending on their energy cost. The SOC and SOH levels 
and their limitations should be taken into account for each 
sampling time.  
- The battery capacity can be managed according to the SOC 
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     Finally, the estimated energy that should be exchanged 
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 are used as 
the input variables to the long-term fuzzy controller.  
 
B. Design of the Long-term Fuzzy Controller 
 
       The long-term fuzzy controller defines the desired 
variation in the SOC and SOH levels (presented as ∆SOC, 
∆SOH respectively) to meet the long-term energy plans by 
using estimated values of energies that should be supplied or 








the real-time value of SOC and SOH (SOC(n),SOH(n)) 
(referring to Fig.9). Table.I, illustrates the linguistic rules of 
the long-term fuzzy controller for determining ∆SOC and 
∆SOH. Fig.10 shows the membership functions of the input 
and output variables of the long-term fuzzy controller.  As 
illustrated in the figure, the linguistic variables of the 
membership functions are abbreviated as negative large 
(NL), negative small (NS), zero (ZE), positive small (PS), 
and positive large (PL). All membership functions are 
normalized according to the maximum and minimum values 
of their variable. As an example, when 
LTBT
E −
~ is high and 
positive (PL), this means that high amounts of energy 
should be supplied by the battery during the next long time-
frame to meet the long-term energy plan. In this case, if the 
real-time value of SOC is high (PL) so there is no need for 
change in the SOC and therefore, ∆SOC should be equal to 
zero (ZE). On the other hand, when 
LTBT
E −
~ is (PL) but the 
current value of SOC is low (ZE) then there is need to 
increase the SOC level during the next operation mode to 
meet the desired level (subject to complying with the other 
conditions). Therefore, ∆SOC should be positive and high 
(PL). This will increase the stored energy in the battery for 
the next hours to supply the load or transfer energy to the 
grid. Other fuzzy control rules are following the same 
principles. 
 
C. Design of the Short-term Fuzzy Controller 
 
The short-term fuzzy controller, which is the main 
decision maker of the EMU operates based on the real-time 
information of the system including the difference between 
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Fig.11. Membership function of short-term fuzzy controller (a) )(nSOH  (b), )(nC  
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difference between the cost of grid and fuel cell energies 
∆C(n), and required variations in the SOC and SOH levels 
(∆SOC(n) and ∆SOH(n)). The input variable ∆SOC (n) is 
the important factor to define the battery status, ∆SOH (n) to 
define the status of the electrolyzer, ∆C (n) to make a 
decision between grid and fuel cell due to their energy cost 
and ∆P (n) to define the amount of the energy difference and 
the source that can supply or absorb it. The operation status 
of the battery, fuel cell and electrolyzer and the amount of 
power that should be sent to, or received from the main grid 
are sufficiently defined by using the real-time value of the 
above parameters. The resultant outputs are sent to the mode 
selection and transition unit and further used to select the 
operation mode of the system.  
    The short-term fuzzy controller rules are defined 
according to the energy management scenarios and control 
objectives and in this paper, are almost the same as those are 
defined in computation unit. The main difference is that they 
are based on real-time data which are updated for each 
sampling time n. In brief, the electrolyzer is activated during 
the low-cost grid energy periods. The battery can be charged 
by the fuel cell, PV or grid depending on the availability and 
energy cost and is discharged under light load when its 
energy is cheaper than the main grid. It also is activated at 
peak demand hours to supply the load or transfer power to 
the grid. In this paper, the sampling time of the short-term 
fuzzy controller (Tn) is 100 ms. Therefore, the operation 
mode of the micro-grid is updated with the frequency of 10 
Hz. In the case of any change in the operation mode, it is 
applied to the device level controllers, otherwise, the system 
remains in the current operation mode. The short-term fuzzy 
control rules are illustrated in Table.II and the membership 
functions are presented in Fig.11.  
 The input membership functions are designed and 
normalized almost similar to the long-term controller and 
are classified in the range of NL, NS, ZE, PS, and PL. In the 
case of output variables, the status of the fuel cell and 
electrolyser can be either ON or OFF and the function 
HOLD is used as a hysteresis function to reduce the mode 
fluctuations in the boundary conditions. The battery status 
can be charge only (CO), discharge only (DO) and charge 
and discharge (CD) or standby mode where the battery is 
used to stabilize the dc bus voltage in transients and 
compensate for the low dynamic response of the fuel cell. 
The output power membership function defines the amount 
and the direction of power transfer to/from the main grid. 
The membership functions are positive large (PL) for selling 
power to the grid, Negative large (NL) for buying power 
from the grid and medium (MD) for flexible power transfer 
to/from the main grid. Similarly, a hysteresis function is also 
considered between the different statuses of output 
membership functions. The added hysteresis zones are 
mainly effective in the system level control and selection of 
the operation modes. They are applied to the output 
membership functions to avoid undesirable oscillations in 
the status of the micro-grid elements and consequently the 
system operating modes. Therefore, the variation in the 
output variable of the short-term fuzzy controller at the 
boundary of two adjacent statuses should exceed a threshold 
level (determined by hysteresis band) to result in a change in 
the micro-grid operation mode. The proposed hysteresis 
functions cannot make any instability in the closed loop 
control of the converters as operation mode status is updated 
every 100 ms (f=10 Hz) which is much more than the device 
level controller’s dynamic response. 
 
TABLE. II 





Checking the new mode conditions (Ci,j)
 for transition from Mi to Mj  
Set up the reference signals of new mode
Switch on bridging mode




Send the new mode signal 
to device level controller
Ramp up the reference 
signal for soft start
Acceptable
 conditions





Operation in current mode
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Grid-connected operation modes Off-grid operation modes
Fig.12. Operation modes of the proposed micro-grid, (a) grid-connected, (b) off-grid modes, and 
(c) basic power flow model 
(a)
(b)























































































V. MODE SELECTION AND TRANSITION UNIT 
 
       Mode transition is a common problem in micro-grids 
with ac or dc electrical bus and generates undesirable 
instabilities in voltage and frequency [51]. The problem is 
much less in the case of using the magnetic bus if an 
appropriate mode transition strategy is designed due to the 
large number of operation modes. In this paper, a mode 
selection and transition unit (MSTU) is designed to control 
and smooth the mode transition process. The transition path 
between different operation modes depends on the several 
factors such as current and destination operation modes and 
the systems conditions. In the case that direct transition is 
not possible, a bridging mode is required for the smooth 
transition. On the other hand, some conditions such as 
maximum charging and discharging power of the battery 
and fuel cell should be taken into account. The system 
operation modes are different for the grid-connected and 
islanded conditions. As presented in Fig.12 (a) and (b), the 
proposed micro-grid is able to operate in 12 grid-connected 
and 8 islanded modes. The operation modes are presented 
based on the basic topology illustrated in Fig.12. (c), where 
G1- G4 represent the gain of conversion blocks. The mode 
M1 is selected as the basic mode in grid-connected 
condition as the load is always connected to the grid and 
therefore, it is common between all grid-connected 
operation modes. The battery link is presented in gray 
colour in the standby condition. In the mode M2, the PV and 
grid are supplying the load and this happens when the load 
demand is more than the PV generation. The operation of 
other modes can be readily defined using the arrows that 
represent the power flow direction.  In the case of islanded 
operation condition, the battery is the only source that is 
always connected to the load or is in the standby mode. 
Therefore, M1 is selected as the basic mode and is used as 
the bridging mode during the mode transition. The MSTU 
operates according to a state transition diagram (STD) 
which defines the appropriate transition paths between the 
operation modes and the required actions and conditions. 
Fig.13 shows the STD for both grid-connected and islanded 
operation conditions. The mode transition conditions which 
allow passage from mode Mi to Mj are presented as Ci,j in 
the STD and contain the required test parameters for mode 
transition. The test parameters are mainly those already used 
in the real-time fuzzy controller for decision making. They 
are used to determine the availability and status of energy in 
 
supplying source, energy demand in absorbing elements and 
available capacity in storage devices in the destination mode 
elements. The most commonly used parameters are the real-
time value of voltage and current of the destination mode 
elements, SOC and SOH. Details of the test parameters for 
each individual transition path are not presented due to their 
similarity and the large number of transition paths (totally 
50 grid-connected and off-grid paths). Fig.14 illustrates the 
flowchart of mode transition process. As can be seen, the 
mode transition process starts with mode-change detection 
from output variables of the FLC.The conditions of the new 
mode such as output voltage and energy capacity of sources 
in the new mode are checked and in the case of acceptable 
conditions, the mode transition process starts. The process 
starts with setting up the reference signals of the control 
loops in the device level controller according to the new 
mode requirements. The system may need to be switched on 
a bridging mode before moving to the new operation mode. 
A time delay is applied to stabilize the bridging mode 
conditions.The new mode command is sent to the device 
level controller to start sending the PWM signals to the 
switching devices of the new active ports. It should be 
noticed that the duty ratio is minimized due to the soft start 
operation and the reference signals of the control loops 
being small. To activate the new ports, the reference signals 
ramp up to the nominal value and then the conditions of the 
new mode are checked. In the case of acceptable conditions, 
the mode transition process is ended by moving to the 
normal operating conditions. In the case of any unexpected 
condition, the system switches on the bridging mode and 
remains in this mode as long as bridging-mode conditions 
are satisfactory otherwise the system is turned off. 
 
VI. VALIDITY TEST OF THE ENERGY MANAGEMENT UNIT 
 
     A prototype of the proposed micro-grid is designed and 
implemented as presented in Fig.15 (a) and (b). Two DSP 
controllers (C2000/TMS320F28335) are used as device 
level controller. The system level control (energy 
management and operation mode control) is performed by a 
PC using MATLAB graphical user interface (GUI). It also 
performs the system monitoring and data record during the 
energy management process. Two sensor and protection 
boards are designed to receive the signals of the converter 
ports through Hall effect voltage (LV 25-P) and current 
(LTSR25-NP) sensors. The MPPT reference signal 
generated by EMU is sent to the DSP1 to control the duty 
ratio of the switching devices at the PV port and is updated 
every 10 ms (f=100 Hz). The single-phase inverter is 
implemented using H bridge units made by SEMIKRON 
(SK30GH123) with isolated drivers (SKHI20opA). The H-
bridge units of the TAB converter are designed using IGBT 
switches (IRG7PH42) and integrated driver circuit 
(VLA567-01R) and optoisolators (6N136). Both DSPs are 
connected to the signal conditioning and level shifters on the 
control and interface board and further to the EMU. 
      The operation of MSTU in direct and indirect mode 
transitions is presented in Fig.16. In the direct mode 
transition from M5 to M3, presented in Fig.16 (a), when the 
PV power is approached to zero, the fuel cell undertakes to 
supply the difference, and the battery operates as 
compensator. In the indirect mode transition from M2 to 
M3, presented in Fig.16 (b), the mode M1 is used as 
bridging mode to leave enough time for fuel cell start-up. 
The fuel cell emulator parameters are selected according to 
the available commercial model [52]. Fig.17 shows the 
experimentally measured waveforms of voltages and 
currents generated by the H-bridge units of the TAB 
converter applied to the magnetic link for two cases of duty 
cycle and phase shift angles, (D=0.6, φ21=π/5, φ31=π/3, and 
D=0.8, φ21=π/3, φ31=π/5). Fig.18 presents the waveforms of 
the inverter output voltage and current. As can be seen, the 
inverter current follows the grid voltage with unity power 
factor and the resultant THD when the output power equals 
1.7 kW, is about 3.27 % and frequency deviation less than 
0.5 %. This is in the acceptable range according to the 
Australian (AS/NZS4777) and international (IEEE 1547 and 
IEC 61727) standards for grid-connected renewable energy 
systems [43], [44].  
       To study the energy management process, the 
residential load is implemented by parallel connection of 
two groups of variable and constant loads as presented in 
Fig.15 (b). The constant loads are used to model permanent 
residential loads such as refrigerator, lighting and the 
variable section is used to model the random and short 
duration loads. The experimental test for each scenario is 
carried out for a time duration of 2 hours to model a 24 
hours residential load which starts at 12 AM. Therefore 
every 2 minutes in the 24-hour time period is modelled by a 
10 seconds time step in the actual test. According to this, 
720 samples with time duration of 10 seconds are used to 
record the parameters of the proposed micro-grid (TL=40 
min, Tk=10s and Tn=100ms). The experimental test is carried 
out for the proposed micro-grid and the objective of the 
proposed energy management scenario is minimizing the 
purchasing power from the grid at peak hours and sending 
energy to the grid during the peak hours when the grid 
energy cost is high. The experimental test was performed for 
three different scenarios.  
      The PV output power profile in the first scenario is 
changed according to a normal sunny day condition. The 
system is assumed to be in the grid-connected mode with 
flexible power flow to/from the grid. In the second scenario, 
the PV power profile is changed to model the cloudy 
condition with variable irradiation level. In the third case, 
the proposed micro-grid operates in off-grid conditions with 
the fuel cell, PV and battery as input sources. Following 
sections provide more details on the operation of EMU for 
the proposed energy management scenarios. 
 
A. Energy Management in Grid-connected Condition 
 
The power profiles of the PV generation, load demand, 
energy cost profiles of the fuel cell, battery and grid, and the 
estimated values of SOC and SOH for 24-hours duration are 
presented in Fig.19.(a). The difference between PV 
generation and load demand, grid power, fuel cell power and 
the battery power profiles for the same duration time are 
presented in Fig.19.(b). As can be seen in the energy cost 
profiles, the cost of fuel cell and battery energies follow a 
constant value during the day while the cost of grid energy 
is variable with the time. The maximum power of the battery 
during charge is limited to 250 W and discharge to 300 W 
and the fuel cell maximum power in the grid-connected 
mode is limited to 350 W and in off-grid to 450 W. The 










































Fig.15. Experimental set of proposed micro-grid (a)-multi-port converter 





Fig.16. Operation of MSTU for two cases (a)-direct node transition from 
M5 to M3, and (b) indirect mode transition from M2 to M3 and using M1 
as bridging mode 
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Fig.17. The TAB converter voltage and current waveforms for two cases 









Fig.18. Experimental waveforms of inverter voltage and current 
 
24-hours’ time duration of the experimental test are 
presented at the bottom of the figure.  
As can be seen in the figure, for the first time interval 
starting from t1 to t2 there is no power generated by PV and 
due to the small amount of load demand, it can be supplied 
by either battery or grid. As the cost of the battery energy is 
 
less than the grid for the proposed time interval, it is 
selected to supply the load and operation mode of the 
system selected as mode 4 (M4). At t=t2 the cost of grid 
energy is reduced to less than the battery which means that 
using the grid is more beneficial compared to the battery and 
the operation mode is changed to M1. It should be noted that 
the battery still has enough capacity to supply the load 
demand if it is required (referring to the SOC level variation 
graph). When the PV panel starts to generate power at t=t3, 
the PV port needs to be activated and the operation mode 
changes to M2. This operation mode continues as long as 
the PV power is less than load demand.  
      At t=t4 where PV generation is more than load demand, 
the surplus energy can be transferred to one of the 
controllable loads, grid or battery. According to the long-
term energy plan, the battery needs to be charged for the 
next long-time interval and the actual level of SOC is less 
than the desired value. Therefore, the battery is selected to 
be charged and the operation mode is changed to M11. Due 
to the limit in the battery charging power, the additional 
energy is sent to the main grid. At t=t5, the battery is 
charged to the full capacity and SOC reaches the maximum 
level of allocated capacity of the battery for operation as 
storage (SOC=90 %). The surplus energy should be supplied 
to the grid although, in the case of PV generation less than 
load demand, the battery is preferred to supply the load due 
to its lower energy cost compared with the grid. Therefore, 
the system operation mode is changed to M6 where both 
battery and PV can supply the load and additional energy is 
transferred to the grid. At t=t6, the load demand is more than 
the PV and battery powers and it is required for either the 
fuel cell or grid to supply the difference. Considering the 
energy cost of the fuel cell and grid at this time, the fuel cell 
is selected as the preferred source. In this case fuel cell 
operates with a constant output power and the difference 
between load demand and fuel cell power is compensated by 
the battery. As fuel cell and battery are connected directly to 
the same dc bus, it is easy for the battery to be charged or 
discharged into the dc bus to compensate for the load 
demand variations. Therefore, during t6 to t7, the system 
operation mode changes to M5 where the fuel cell power is 
more than the load demand and the surplus energy of fuel 
cell charges the battery. At t=t7, the load demand changes to 
more than fuel cell power which requires the battery to 
supply the difference and the operation mode is changed to 
M12. At t=t8, the cost of grid energy decreases to less than 
the battery and fuel cell. Therefore, the operation of the fuel 
cell and the battery is not economic and the load should be 
supplied by the grid. The system operation mode changes to 
the basic mode M1 where grid is the only energy source of 
the micro-grid system. 
     The total energy supplied or received by each element 
can be calculated by using its daily power profile.  As an 
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The fuel cell energy (
hFCE 24_ ) and the load energy                  
(
hLDE 24_ ) are defined similarly. On the other hand, the 
energy received by battery in charging mode ( CHD
hBTE 24_ ), 
or supplied by the battery in discharging mode ( DCH
hBTE 24_ )  



































hBT   (10) 
The energy sold to the grid ( SEL
hBTE 24_ ) and the energy 
supplied by the grid ( BUY
hBTE 24_ ) can be defined similarly to 
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where the variation in the battery energy 
hBTE 24_  during 
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where hBTE 0_  and hBTE 24_ are the stored energy in the 
battery at the beginning and at the end of the 24h time 
interval, respectively, and can be determined from the 
estimated values of SOC at the beginning and end of the 
time interval. The energy loss in the system is mainly related 
to the switching and conduction losses in the dc-dc 
converters and inverter. Fig.20 (a), illustrates the energy 
analysis of the micro-grid for the first energy management 
scenario during the 24-hour time-duration. It can be seen 
that almost 60% of the load energy is provided by PV while 
fuel cell, battery and grid-supplied almost 15% of the total 
load demand. It can be seen that the energy received from 
the grid is 1 kWh on average which is much less than actual 
load consumption (8.6 kWh). To analyse the operation of 
micro-grid from the economic point of view, the total cost of 
the energy supplied, stored or consumed by each element is 
calculated as presented in Fig.20 (b). To calculate the total 
cost of energy for 24 hours duration, the amount of power 
and the real-time value of energy are taken into account. For 
example, the PV energy cost for the 24 hour time period can 
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In this paper, the PV energy cost is assumed to be 0.02 
$/kWh, the fuel cell energy cost is 0.3 $/kWh, the battery 
cost is 0.10 $/kWh and the grid cost is varying from 0.05 to 
0.50 $/kWh. The energy cost analysis can be used to 
compare the customer benefits from the renewable energy 
system for a particular time duration such as a day, week, 
month, or a year. Looking at the energy cost graph shows 
that the customer benefits from supplying energy to the grid 
at peak demand hours when the grid energy cost is high is 
0.925 $/day. This can compensate for the energy cost 
resulting from other sources. About 60% of the total energy 
cost of the load belongs to the fuel cell compared to the 
other sources (0.45 $/day). 
  In the second energy management scenario, the 
operation of the proposed energy management system is 
studied under the cloudy weather condition where the PV 
output power is changed abruptly. Fig.21 (a) illustrates the 
PV output power profile for the second scenario. As can be 
seen, the PV output is dropped due to the shading effects 
and consequently, different operation modes are required 
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cost profiles are changed with an almost similar pattern to 
the first scenario while the resulting variations in the battery 
SOC and SOH levels are different due to the new operation 
modes. The difference between PV and load power, battery, 
fuel cell and load power profiles are presented in Fig.21 (b) 
and discussion on the different operation modes can be 
carried out similar to the previous scenario. The presented 
data is obtained from the recorded data in the EMU using 
graphical user interface (MATLAB/GUI) as presented in 
Fig.22. 
 
B. Energy Management in Off-grid Condition 
 
   In the third energy management scenario, the operation of 
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Fig.19. Profiles of the PV power generation, load power demand, energy cost and SOC/SOH levels, difference 
between PV power generation and load power demand, grid power, fuel cell power and the battery power for a 
sunny day profile and grid-connected condition. 
Fig.20. (a) Energy distribution and (b) energy 
cost analysis of the proposed micro-grid for a 
sunny day profile and grid connected mode 
Fig.21. Profiles of the PV power generation, load power demand, energy cost and SOC/SOH levels, difference between PV power generation and load power 
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Fig.22. The designed graphical user interface 
(GUI) using MATLAB for energy management 
and data monitoring of the proposed micro-grid 
(including the micro-grid system recorded data 
of electrical parameters, power and energy 
profiles and processed data) and operation mode 
and system control menu (including history of 




Fig.23. Profiles of the PV power generation, load power demand, energy cost and SOC/SOH levels, 
difference between PV power generation and load power demand, grid power, fuel cell power and  
the battery power for a sunny day profile and off-grid condition. 
Fig.24. (a) Energy distribution and (b) energy 
cost analysis of the proposed micro-grid for a 
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Fig.25 Comparison of energy costs of proposed residential load for three 
cases, grid-supplied only, grid-connected with renewable sources and off-
grid with renewable sources 
 



















Fig.26 The total efficiency of the system with and without using SBVB 
technique 
 
case, the proposed micro-grid is disconnected from the main 
grid and is supplied only by the PV, fuel cell and battery. 
The PV power profile is changed according to a sunny day 
pattern and the load demand profile is slightly different from 
that of grid-connected mode. It is assumed that the energy 
cost of the battery is constant and less than fuel cell for 
entire test duration and PV is the cheapest as the preferred 
source. Therefore, it is not necessary to present the energy 
cost profile. 
     The operation modes and power profiles of the system 
are presented in Fig.23 for different time intervals. In the 
first time interval, from t1 to t2, the battery due to the lower 
energy cost and amount of power covers the difference 
between PV generation and load demand. Therefore, the 
basic operation mode M1 is selected by the EMU. At t=t2, 
the battery SOC reaches the minimum value (40% as can be 
seen in the figure) and the battery is not able to supply the 
load anymore. Therefore, the fuel cell is switched on and 
continues to cover the energy difference between the PV and 
load demand and operation mode is changed to M5. At t=t3, 
the PV generation is more than load demand and therefore 
fuel cell is turned off. During this time interval, the surplus 
energy is used to charge the battery when PV generation is 
less than load demand the difference is supplied by the 
battery. Therefore, the operation mode at the end of this 
time interval fluctuates between either M7 or M4 depending 
on the charging or discharging modes of the battery. The 
maximum charging and discharging power of the battery 
needs to be considered and shiftable or dump loads can be 
used in the case of excessive power generation. It can be 
seen that during this time interval battery is charged from 
SOC=40% to SOC=70% although it slightly discharged to 
SOC=60% at the end. At t=t4, the load demand is more than 
the PV generation and the difference is more than battery 
capacity. Therefore, the fuel cell is switched on to supply 
the difference between the PV generation and the load 
demand. In this case, the battery is used to compensate for 
the difference which lets the fuel cell operate with a constant 
power. The operation mode M5 is selected by EMU.  From 
t5 to t6, the PV power is not available and the load is 
supplied only by fuel cell and battery. Similar to the 
previous mode, the fuel cell supplies a constant power to the 
load and battery compensates for the difference and 
operation mode is changed to M2. Between t6 to t7, the fuel 
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the fuel cell and the command from long-term fuzzy 
controller, the battery is charged by the fuel cell and the 
operation mode is changed to M2. The battery should be 
able to supply the load for the next hours due to the small 
amount of predicted load demand and long-term energy 
plan. Therefore, the long-term fuzzy controller increases the 
desired level of SOC which results in medium and positive 
values of ΔSOC. Energy distribution and cost analysis of the 
third energy management scenario are carried out similar to 
that of the first scenario. As presented in Fig.24, about 54% 
of the total energy received by the load is provided by the 
PV, 33% by the fuel cell, and 13 % by the battery. It can be 
seen that the energy loss in the system is more than that in 
the grid-connected mode (first scenario). The reason is that 
in the absence of grid energy, the load energy should be 
supplied by the renewable energy system and dc-dc 
converters and inverter. Therefore, increasing power of 
converters raises the system power loss and consequently 
energy loss in the micro-grid.  
The energy costs of micro-grid in grid-connected and 
islanded condition with renewable energy sources are 
compared with the case of using grid only as presented in 
Fig.25. In the case of grid supply only, the energy cost is 
calculated based on the time-variable tariffs for grid energy 
same as the first scenario and the time of energy usage. As 
can be seen using renewable energy sources along with the 
grid, reduced the daily energy cost from 2.16 $/day to 0.66 
$/day. In the case of off-grid condition, the total energy cost 
is 1.1 $/day which is about two times of the cost of using 
grid-connected renewable energy system. Fig.26 shows the 
total efficiency of the system with and without using SBVB 
technique. It can be seen that using this technique has 
reduced the RMS and peak values of current in the windings 
of the magnetic link and the switching devices and improved 
the efficiency of the system by almost 4% in 3.5 kW output 
power. The majority of energy loss in the system attributed 
to the core loss in the magnetic link as it was fabricated 
manually in the lab by using thin ribbons of amorphous 
materials. The micro-grid efficiency can be further 




Design and development of a fuzzy logic-based energy 
management unit (EMU) for residential micro-grid 
applications has been presented.  The EMU contained a 
short-term and a long-term control unit. The long-term 
controller defined the mandatory changes in the SOC level 
of the battery and SOH level of hydrogen to meet the long-
term energy plans. The short-term controller selected the 
operation mode of the system based on the real-time values 
of the energy generation and consumption, energy cost and 
the required variations of the available capacity of the 
storage devices. A mode transition unit was designed to 
smooth the mode changing process using a state transition 
diagram. To validate the operation of the proposed EMU, a 
prototype of the system has been developed and 
experimental tests have been conducted. The operation of 
the EMU was tested for three different scenarios of the 
residential load in grid-connected and islanded modes. The 
energy distribution and energy cost analysis provided for 
each energy management scenario, showed the benefits of 
using proposed EMU for both consumer and utility grid. 
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TABLE.III 
PARAMETERS OF THE MICRO-GRID SYSTEM 
Description Symbol Value 
TAB Converter parameters 
DC voltage of the converter ports Vb1 ,Vb2,Vb3 320V,60V,110V 
Transformer turns ratio N1, N2, N3 52, 10,17 
Leakage inductances Ll1, Ll2, Ll3 80µH, 5µH, 18µH 
Switching frequency fs 10 kHz 
DC bus capacitors  C5 2*470 µf/400V 
Magnetic core shape/dimension 
(cm) 
  Toroidal OD=10.5,ID=6.5,W=2.5 
Magnetic core material Amorphous 2605SA1 
Buck-boost converter parameters 
Fuel cell Emulator XANTREX-XKW DC P.S+3*2200µf  
Fuel cell Power PFC,  0.8 kW,  
Fuel cell voltage/Current VFC,IFC 30-80 V/10 A 
Fuel cell/Battery internal resistance RFC/RBT 2.5 Ω /0.25 Ω 
Fuel cell estimated start-up time Tst <20s 
Battery output capacitor C4 420 µf 
Battery/Fuel cell port bus capacitor C2 1200 µf 
Battery type Lead-Acid 4*12 V/100 A.h 
Battery Voltage  VBT 24 V 
Switching frequency fs 10 kHz 
Buck-boost inductor L1 100 µH  
Interleaved boost converter 
PV power (max) PPV 1.5kVA 
PV Voltage/Current VPV,IPV 0-30 V/50 A 
PV bus capacitor C3 1200 µf 
PV Emulator TDK Lambda300V/11A DC P.S+ 
SEMIKRON (SK30GH123)Converter 
+DSP(TMS28F335) 
PV low pass-filter capacitor C1  220 µf,  
Boost inductor L2,L3 80 µH 
Inductor DC resistance rL1, rL2/rL3 0.12Ω, 0.05Ω 
Bidirectional single-phase inverter 
Inverter output power PO 3.5 kW 
Output Voltage VO 210-250 V 
Output low pass filter parameters LO, CO 4mH, 5µf/440V ac 
AC load power (Max) PLD 4 kW 
Electrolyzer power PEL 1 kW 
Electrolyzer Emulator (Simple Resistor) REL 20-50 Ω/1 kW 
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